Abstract Scats of subantarctic fur seals Arctocephalus tropicalis at Marion Island were collected from 1996 to 2,000, to examine temporal variability in the diet, factors affecting the variability and how the diet differed from that of the Antarctic fur seal A. gazella in the same period. For A. tropicalis, 19 prey species, of which 18 were fish and one a cephalopod, were identified in 213 scats. Fish were the main prey, occurring in 98
Introduction
An understanding of the diet of seals is fundamental to the assessment of their role as predators in marine ecosystems. Diet studies also provide information about potential competition for food resources between predator species and commercial fisheries (Daneri and Carlini 1999) . The subantarctic fur seal Arctocephalus tropicalis breeds at islands north of the Antarctic Polar Front, including at South Africa's Prince Edward Islands (Marion and Prince Edward Islands) in the south-west Indian Ocean (Condy 1978; Kerley 1984; Hofmeyr et al. 2006) , where the Antarctic fur seal A. gazella also breeds (Klages and Bester 1998) . Commercial fisheries occur in this region (CCAMLR 2002; Fallon and Stratford 2003) . Following overexploitation of A. tropicalis during the nineteenth century (Bonner and Laws 1964) , populations of this species increased (Wickens and York 1997; Bester et al. 2003; Hofmeyr et al. 2006; Bester et al. 2009 ). Prince Edward Island has 72,000 and Marion Island 150,000 individuals of A. tropicalis (Bester et al. 2003; Hofmeyr et al. 2006; Bester et al. 2009; Hofmeyr et al. 2006) .
The diet of A. tropicalis has been examined at various sites throughout its distributional range, including at Macquarie Island (Green et al. 1990; Goldsworthy et al. 1997; Robinson et al. 2002) , Gough Island (Bester and Laycock 1985) , Amsterdam Island (Beauplet et al. 2004) , Possession Island (Crozet Islands; Luque et al. 2007 ) and Marion Island (Rand 1956; Condy 1981; Klages and Bester 1998; de Bruyn et al. 2009 ). Cephalopods and various fish species, including myctophids (lanternfish), constituted the bulk of the diet at most localities (Bester and Laycock 1985; Klages and Bester 1998) . At Amsterdam Island, A. tropicalis also fed seasonally on abundant northern rockhopper penguins Eudyptes moseleyi (Tollu 1974) . At Marion Island, previous studies reported the composition of the diet of A. tropicalis during 1989-1995 and 2006-2007, showing that myctophids contributed most of the food (Klages and Bester 1998; de Bruyn et al. 2009 ). However, they did not consider temporal variation in the diet to any great extent. This study reports the diet of A. tropicalis during the intervening period (1996) (1997) (1998) (1999) (2000) and investigates the influence of season, year and prey type on the composition of the diet. It also uses information in Makhado et al. (2008) to compare the diets of A. tropicalis and A. gazella at Marion Island during 1996-2000.
Materials and methods
Scats were collected from the breeding colony of A. tropicalis at Cape Davis, Marion Island (46°54 0 S, 37°45 0 E) in 27 months between June 1996 and April 2000. Only fresh scats were collected; each was placed in a plastic bag, labelled with the date of collection and returned to the laboratory for subsequent sorting and identification of hardpart remains. Scat samples were washed through a 0.5-mm sieve under running water to collect the undigested prey remains. Fish otoliths (sagittae) and cephalopod beaks (lower beaks) were used to identify prey remains to the lowest possible taxonomic level using identification guides (Clarke 1986; Hecht 1987; Williams and McEldowney 1990; Smale et al. 1993 Smale et al. , 1995 Reid 1996) . When necessary, comparisons were made with reference specimens held in the collections of the Port Elizabeth Museum at Bayworld, South Africa.
Prey remains that were broken or too eroded to identify were discarded. The percentage contribution by numerical abundance (%N) of each taxonomic group to the diet was determined for each month, season (defined below), year and the overall study period (1996) (1997) (1998) (1999) (2000) . The percentage frequency of occurrence (%F) of each taxonomic group, i.e., the percentage of the number of scats collected in which that taxonomic group was represented, was also determined.
For 11 fish species, regression equations were available to convert otolith length to fish length and fish length to fish mass (Adams and Klages 1987; Hecht 1987; Williams and McEldowney 1990; Cherel et al. 1997 ; M Collins, Government of South Georgia and South Sandwich Islands, unpublished data). For these species, the lengths of whole otoliths were measured using a Zeiss dissecting microscope fitted with graticules. For each otolith, the applicable regression equations were used to reconstitute the mass of the prey item originally ingested. The percentage contribution by mass (%M) of each of these species to the combined mass of the 11 species in the diet was determined. For the 11 species for which %M was estimated, the percentage index of relative importance (%IRI) of the prey item in the diet was estimated as:
Various factors may influence the composition of the diet of A. tropicalis, including season, year and prey species. Variation in diet composition between seasons was examined using v 2 tests applied to data on numerical abundance (%N), following Makhado et al. (2008) . The year was divided into two seasons: summer (October to March), which coincided with haulout, pupping, mating, early lactation and moulting, punctuated by female foraging trips; and winter (April to September), when lactating females regularly return to beaches to suckle their pups (Kerley 1983; Bester and Bartlett 1990; Kirkman et al. 2002) until they wean at *10 months (Kerley 1985; Kirkman et al. 2002; Luque et al. 2007) .
In order to gain understanding regarding the relative importance of various factors in determining the composition of the diet of A. tropicalis, generalised linear models (GLMs), (Stefánsson 1996; Stefánsson and Pálsson 1997) were fitted to information on the contribution by mass (g) of the 11 prey items for which this information was available. The models had the form
where ln is the natural logarithm, m i,s,y is the contribution by mass to the diet of species i in season s and year y (summer seasons were allocated to the year in which they commenced), l is a constant, c is the year factor with five levels (one for each year), d is the species factor with eleven levels (one for each species), and k is the season factor with two levels (one for each season). Two interaction terms b and j (year 9 season and year 9 prey species) also were included further to investigate how prey composition was influenced by year. Models were systematically developed, starting with the constant (l) and then sequentially adding explanatory factors so that all the main effects (year, season and prey species) were fitted first. Interaction terms were then added in turn. As each possible explanatory factor or interaction term was added, changes in deviance were examined using v 2 tests to evaluate whether the addition of a factor or interaction term significantly increased the proportion of variance explained.
Information was available from Makhado et al. (2008) on the contribution by number (%N) of different prey items to the diet of A. gazella at Marion Island for the same period (1996) (1997) (1998) (1999) (2000) that was considered for A. tropicalis. The v 2 test was applied to %N for the two species, calculated for the overall period, to examine whether differences occurred in the diets of A. tropicalis and A. gazella at Marion Island.
Results
The number of scats of A. tropicalis collected differed between sampling occasions, mainly on account of variation in numbers of seals at the colony, access to scats and the opportunistic nature of sampling. In all, 213 scats were collected (Table 1) , of which only one did not contain any hard-part remains of prey species. Numbers of scats collected in calendar years ranged from 14 in 1997 to 68 in 1998 and across all years included 86 collected in summer and 127 in winter.
Diet composition
Fish were the most common prey item, occurring in 98.1 % of scats (n = 209), whereas cephalopods occurred in only 1.4 % of scats (n = 3). In total, 19 different prey taxa were identified, 18 fish species and one cephalopod ( Table 2) .
Of the 6,910 fish otoliths obtained from the scats, 97.0 % were identified to species level and a further 2.6 % to genus level. The remainder (0.4 %) could not be identified. Eighteen fish species were recorded, of which 13 were Myctophidae. These accounted for 99.2 % of the otoliths. Other fish families represented were Channichthyidae, Paralepididae, Nototheniidae, Microstomatidae and Notosudidae, but they contributed minimally to the diet (Table 2) . In terms of numerical abundance, the most important prey were Gymnoscopelus piabilis (24 %), followed by G. fraseri (19 %), Electrona carlsbergi (13 %), Krefftichthys anderssoni (11 %), Metelectrona ventralis (8 %), G. bolini (7 %), E. subaspera (6 %) and Protomyctophum choriodon (4 %) ( Table 2 ). These eight species contributed 93.6 % of the overall number of prey items identified, and a further 2.5 % were items identified from the same genera but that could not be allocated to species level. In terms of frequency of occurrence, the most important prey were G. piabilis (68 %), followed by G. fraseri (61 %), E. carlsbergi (46 %), G. bolini (22 %), E. subaspera (21 %), M. ventralis (21 %), G. nicholsi (17 %), K. anderssoni (16 %) and P. choriodon (14 %) ( Table 2 ). For that component of the diet for which estimates were available of the mass of prey consumed, the most important prey item was G. piabilis (58 %), followed by G. fraseri (13 %), G. bolini (9 %), M. ventralis (5 %), E. carlsbergi (4 %), E. subaspera (4 %), G. nicholsi (3 %) and P. choriodon (3 %). No other species contributed at least 1 % of the reconstituted mass of the diet (Table 2) . Dissostichus eleginoides, Gobionotothern marionensis (both Nototheniidae), Champsocephalus gunnari (Channichthyidae) and the cephalopod Brachioteuthis sp. were rarely encountered in the diet.
The ranking of numerical abundance of the 18 fish species identified in the diet was positively correlated with the ranking of frequency of occurrence (Spearman R = 0.937, P \ 0.001), so that both measures provided a similar index of the relative importance of prey species to the diet (Fig. 1) . For %N, %F and %M, G. piabilis and G. fraseri respectively ranked first and second in each instance. The combined contribution of these two species to the overall number of prey items ingested was 43 % and that to the reconstituted mass of fish eaten 71 %. In terms of %IRI, G. piabilis was ranked first, followed by G. fraseri (Table 2) .
Temporal variation in diet
There was a significant difference in the composition of the diet (%N) of A. tropicalis in summer and winter (X 2 = 651.28, df = 23, P \ 0.001). G. piabilis was the dominant prey species in winter and second most abundant in summer. E. carlsbergi, E. subaspera and G. fraseri occurred in large numbers in winter, but were less abundant in summer, although still plentiful. The notosudid Scopelareus ahlstromi was fed upon in winter but seldom in summer. The summer diet was dominated by P. bolini, with K. anderssoni, E. antarctica and Nansenia antarctica (a microstomatid) also present, the latter species being absent in winter. K. anderssoni was primarily fed upon in October and January.
Cephalopods were not noted in the diet in 1996-1998, when there was limited sampling from January to March (Table 1 ), but they were present in small quantities in 1999 and 2000. In 1996 and 1997, G. fraseri was the most abundant prey item; from 1998 to 2000, G. piabilis was most abundant and it was also numerous in 1996 and 1997 (Fig. 2) . E. carlsbergi was prominent in 1998 and 2000, G. bolini and K. anderssoni in 1998 and M. ventralis in 1999. This suggests that there may be some inter-annual variability in the diet, but sampling was limited.
Using GLMs that incorporated three potential explanatory factors (season, year and prey species), prey species accounted for 78.5 % of the variance in the diet (%M), whereas prey species and season together accounted for 82.0 % of the variance. Although year by itself had a significant effect (P \ 0.01) and accounted 2.9 % of the variance, when it was added to prey species and season it did not significantly decrease the deviance, suggesting that the composition of the diet could be explained only by season and prey species. Similarly, the incorporation of the two interaction terms (prey species 9 year and season 9 year) also did not significantly decrease deviance. Size classes and mass of fish prey
The size (standard length) of prey consumed by A. tropicalis, as estimated from relationships between otolith lengths and fish lengths, ranged from P. bolini and K. anderssoni as small as 25 mm to a single D. eleginoides of 249 mm (Table 3 ). The length-frequency distributions of the nine more abundant fish species that were present in the diet are shown in Fig. 3 . Most individuals of G. nicholsi and G. piabilis were from 100 to 150 mm SL, whereas E. subaspera, E. carlsbergi, G. fraseri, M. ventralis and K. anderssoni were generally \100 mm SL. If the solitary D. eleginoides is excluded, fish eaten by A. tropicalis ranged from \25 mm (P. bolini) to 183 mm (G. bolini).
The estimated mass of fish eaten ranged from \1 g (some G. fraseri, K. anderssoni, P. bolini and P. choriodon) to 51 g (G. piabilis) and a single D. eleginoides of 199 g (Table 3 ). Other than D. eleginoides, the prey species with the largest average mass was G. piabilis (31 g) and that with the smallest average mass was P. bolini (0.5 g, Table 3 ).
Comparison of the diet of A. tropicalis and A. gazella
The contributions by numerical abundance (%N) of different prey items to the diets of A. tropicalis and A. gazella at Marion Island during 1996-2000 were significantly different (2v 2 = 304.2, df = 10, P \ 0.001). The proportions of G. bolini, G. fraseri, K. anderssoni and M. ventralis were higher in the diet of A. tropicalis than that of A. gazella, whereas proportions of E. subaspera and G. piabilis were greater in the diet of A. gazella than that of A. tropicalis (Fig. 4) .
Discussion
Most studies of the diet of A. tropicalis have been based on the analysis of scat samples, although some stomach contents were obtained from animals that were shot (Bester and Laycock 1985; Croxall 1993) and by stomach flushing (Ferreira and Bester 1999) . These techniques all rely to some extent on the identification of hard-part remains of prey items, but samples from seals that are shot or stomach contents provide fresher material. The various methods are most likely to reflect a different composition of prey for those species having different hard-part characteristics and would not be expected to introduce large biases in the occurrence of congeneric fish taxa having similar hard-part characteristics (Goldsworthy et al. 1997; Klages and Bester 1998; Robinson et al. 2002) . The central tenet of scat analysis, that the solid prey remains pass into the faeces in the same proportions as they were consumed, may not hold for squid beaks, especially if they are of large size (Klages and Bester 1998) . The low occurrence of cephalopod remains in scats in this study may have been due to accumulation of squid beaks in stomach ruggae (Reid 1995; Klages and Bester 1998) , or their ejection by vomiting (Kirkman et al. 2000) . However, the extent of this bias is unknown (Reisinger et al. 2010) . Therefore, scat analysis may be an unsuitable method fully to determine the contribution of cephalopods to the diet of fur seals at Marion Island Trillmich 1988, Klages and Bester 1998) . Nevertheless, it continues to be an important mechanism for understanding the feeding ecology of fur seals (Klages and Bester 1998; Dellinger and Trillmich 1999) , provides the least intrusive method of investigating the diets of fur seals (Pierce et al. 1991) and was the method of choice for this study. Comparisons between findings from diet studies are also complicated by differing periods (seasons and years) of study and intensities of collections at various sites. Lactating females may forage at greater distances from islands in winter than in summer Georges et al. 2000b; Kirkman et al. 2002; de Bruyn et al. 2009 ), for longer periods (Kirkman et al. 2002) , and perhaps void prey remains at sea (Staniland 2002).
In agreement with previous studies on the diet of A. tropicalis at Marion Island, which also were based on analyses of scats (Klages and Bester 1998; de Bruyn et al. 2009 ), the present study highlighted a predominance of myctophid fish species in the diet of these seals. However, the relative contributions of myctophid species to the diet differed. For example, from 1996 to 2000, G. piabilis and G. fraseri dominated the diet, whereas from 1989-1995 E. calrlsbergi, G. fraseri, G. piabilis and P. choriodon contributed most of the prey items (Klages and Bester 1998) . In 2006-2007, G. bolini, K. anderssoni and G. nicholsi were the most abundant prey (de Bruyn et al. 2009 ). By contrast, Condy (1981) , using the stomach contents from shot animals, found that in the 1970s A. tropicalis at Marion Island took about 50 % cephalopods, 45 % fish and 5 % euphausiids. However, different sampling methods introduce different biases (Staniland 2002) .
In studies based on scat analyses, a dominance of fish in the diet of A. tropicalis was also found at Possession Island (Iles Crozet) between 2001 (Luque et al. 2007 ), Amsterdam Island between 1999 (Beauplet et al. 2004 and Macquarie Island in 1990/91 (Green et al. 1990; Goldsworthy et al. 1997) . However, the dominant prey species differed between these localities. At Possession Island, G. fraseri had the highest numerical abundance, followed by G. piabilis (Luque et al. 2007 ), whereas at Marion Island this order was reversed (Table 2) . At Macquarie Island, E. subaspera dominated the diet, followed by G. piabilis (Goldsworthy et al. 1997) . At Amsterdam Island, Sympolophorus spp. were most important by numerical abundance, followed by Electrona paucirastra (Beauplet et al. 2004) . At Gough Island, cephalopods dominated the diet of A. tropicalis that were shot, with only small quantities of fish found, likely because inspection of stomach contents biased the results (Bester and Laycock 1985) . Beauplet et al. (2004) suggest that disparity in diets between and within seal species are often influenced more by the availability of fish species than by phylogenetic patterns. GLMs undertaken in this study suggested that a substantial portion of the variability in the diet of A. tropicalis at Marion Island was attributable to the availability of different prey species. This is corroborated by the different prey types that dominated the diet at various localities in the southern Indian Ocean. Similarly, the diet of Cape fur seals A. pusillus pusillus varied between different time periods and reflected the relative availability of prey (Mecenero et al. 2006) . Environmental factors such as El Niño Southern Oscillation (ENSO) events (Guinet et al. 1994) , changes in oceanic circulation (Pakhomov et al. 2000) and the locations of fronts (White and Peterson 1996; Hunt et al. 2001 ) and eddies (Lutjeharms and Valentine 1988; Read et al. 2007 ) may influence the availability of prey to fur seals at subantarctic islands.
The myctophids that occurred most frequently in the diet of A. tropicalis in the present study (Electrona spp., Gymnoscopelus spp., Krefftichthyes spp. and Protomyctophum spp.) inhabit mid-ocean depths (Green et al. 1997 ). G. nicholsi has peak abundance at depths of 300-1,200 m by day and 10-100 m at night (Green et al. 1997) . Its vertical migration may influence its diel pattern of availability to A. tropicalis (Georges et al. 2000a) . A. tropicalis females dive to 10-20 m in summer and 20-50 m in winter, whereas males on occasion may reach depths of 500 m (Georges et al. 2000b) .
At Marion Island in 2006 and 2007, lactating females consistently made foraging trips that extended more than 300 km from the island (de Bruyn et al. 2009 ). Within this region, fish from the genus Gymnoscopelus were the most common myctophids found around Marion Island (Hulley 1990) , and they were the most numerous prey items in this and a previous study (de Bruyn et al. 2009 ). Therefore, scats may reflect the relative abundance of prey occurring within 300 km or more of the island. However, G. piabilis is a rewarding prey for A. tropicalis, being relatively large compared to other frequently eaten prey and having a high calorific value (Green et al. 1997) .
In this study, the mass of fish eaten (0.1-51 g) was similar to that observed from 1989 to 1995 (0.2-50 g) at Marion
Island (Klages and Bester 1998) . The length of fish eaten (24-183 mm) was slightly different to that observed from 1989 to 1995 (26-160 mm) (Klages and Bester 1998) . G. piabilis mature at 99 mm (Hulley 1990) , so that the majority of those taken by seals in this study (85 mm to 165 mm) were adults. P. choriodon and P. tenisoni mature at 77 and 45 mm, respectively (Hulley 1990) , and many of those eaten also would have been adults. At Macquarie Island, fish eaten (16-125 mm) were somewhat smaller (Green et al. 1990; Goldsworthy et al. 1997) , and those at Amsterdam smaller still (2-5 mm; Beauplet et al. 2004) . At Possession Island, G. fraseri and G. piabilis consumed were slightly smaller (average SL 83 and 133 mm, respectively) (Luque et al. 2007 ) than same species eaten in this study.
Commercially exploited prey such as D. eleginoides, G. marionensis, C. gunnari and Brachioteuthis sp. did not form a major component of the diet of A. tropicalis, suggesting that at present there is little potential competition between A. tropicalis and fisheries for food, even though seal foraging ranges may overlap those of the fishing fleets.
Similar to the present study, A. tropicalis and A. gazella at the Crozet Islands consumed the same prey species, but in different proportions (Luque et al. 2007 ). In particular, amongst dominant prey species, G. fraseri had a higher numerical contribution to the diet of A. tropicalis than that of A. gazella; conversely G. piabilis and G. nicholsi had a higher numerical contribution to the diet of A. gazella than that of A. tropicalis. The same patterns were observed at Marion Island (Fig. 4) . At the Crozet Islands, diel variation in diving behaviour was lower amongst A. tropicalis than amongst A. gazella, which foraged at shallower depths during most of the night. The diving behaviour of A. gazella suggested they followed the nychthemeral migration of their prey more closely than A. tropicalis (Luque et al. 2007 ). At Marion Island, A. tropicalis population numbers increased at 5. 2 % p.a. between 1994-1995 and 2003-2004 whereas A. gazella increased at 17 % p.a. over the same period (Hofmeyr et al. 2006) . It was suggested that the dissimilarity in population growth between the two species was due to differences in the availability of their preferred terrestrial habitat, because their diets were similar (Hofmeyr et al. 2006 ). However, their utilisation of some prey types appears to differ, although it is unlikely that this played a defining role in the disparity in population growth between the two species at Marion Island.
